Land monitoring using temporal series of Synthetic Aperture Radar (SAR) images requires radiometrically well calibrated sensors. In this paper, the radiometric stability of the new SAR Sentinel-1A "S-1A" sensor was first assessed by analyzing temporal variations of the backscattering coefficient (σ˝) returned from invariant targets. Second, the radiometric level of invariant targets was compared from S-1A and Radarsat-2 "RS-2" data. The results show three stable sub-time series of S-1A data. The first (between ) sub-time series have almost the same mean σ˝-values (a difference lower than 0.3 dB). The mean σ˝-value of the second sub-time series (between 19 March 2015 and 25 November 2015) is higher than that of the first and the third sub-time series by roughly 0.9 dB. Moreover, our results show that the stability of each sub-time series is better than 0.48 dB. In addition, the results show that S-1A images of the first and third sub-time series appear to be well calibrated in comparison to RS-2 data, with a difference between S-1A and RS-2 lower than 0.3 dB. However, the S-1A images of the second sub-time series have σ˝-values that are higher than those from RS-2 by roughly 1 dB.
Introduction
Synthetic Aperture Radar (SAR) space-borne sensors have been widely used for soil and vegetation parameters estimation. SAR sensors operate in all temporal (day or night) and meteorological conditions, rendering SAR data operational for surface monitoring. Over recent decades, SAR sensors have been designed to fulfill a growing need for scientific land monitoring. The recent Sentinel-1 constellation has been scheduled to ensure continuous monitoring. The first Sentinel-1 sensor, S-1A, was launched on 3 April 2014, and the launch of the second Sentinel-1 sensor, S-1B, is scheduled for 2016. The two satellite constellations offer a 6-day repeat cycle (a 12-day repeat cycle for each Sentinel-1 satellite). Aboard Sentinel-1 is a C-band (~5.4 GHz) SAR sensor that facilitates high-resolution image acquisition according to four standard operational modes: the Strip Map (SM), Interferometric Wide swath (IW), Extra Wide swath (EW), and WaVe (WV) modes. In SM, IW, and EW, imaging can be carried out for single and dual-polarizations (HH, VV, HH-VV, and VH-VV), whereas in the WV mode imaging can only be carried out under single polarization conditions (HH and VV).
SAR data of radiometric stability and quality are essential to accurate surface monitoring [1, 2] . Indeed, radar signal variations should only occur due to variations in soil and vegetation conditions and not due to the imprecise calibration of radar images. The S-1 IPF (Instrument Performance Facility) performs a number of radiometric corrections to achieve required S-1A image radiometric accuracy levels. During the commissioning phase (completed on 23 September 2014), the S-1 IPF only corrects for the gain of EAP (Elevation Antenna Patterns). As an outcome of the S-1A commissioning phase, the S-1 IPF was upgraded to also correct for the EAP phase. This correction was introduced to the S-1A images acquired on 19 March 2015 with the new IPF version (V243) [3] . Moreover, an expected gain imbalance on acquired S-1A data was reported during the commission phase. This gain imbalance generated an overall gain offset of roughly 0.666 dB for all polarization and imagining modes [4] . The gain offset correction was applied to S-1A images acquired on 25 November 2015 at 10:40 UTC.
The goal of the paper is to investigate the radiometric stability and quality of S-1A signals using a times series of S-1A images acquired over continental areas. To assess radiometric stability levels, S-1A images were first calibrated. Second, temporal variations in S-1A backscattering coefficients (σ˝) averaged over invariant targets were analyzed. To assess radiometric quality levels, a comparison between S-1A and RS-2 σ˝returned from the same invariant target was performed. This paper includes four sections. The second section of the paper describes the SAR images and studied areas. The third section presents the methodology and results. Finally, the fourth section presents our main conclusions.
Dataset Description
In this study, 154 S-1A images of both Ascending and Descending modes acquired between October 2014 and February 2016 over France (two different places) and Gabon (the southern region) were used. All of the images used the IW imagining mode with VH and VV polarizations. Moreover, all of the images were generated from the high-resolution Level-1 Ground Range Detected (GRD) product. Other image products were less accessible. The GRD product consists of focused SAR data that have been detected, multi-looked (5 and 1 looks according to slant ranges and azimuthal directions, respectively), and projected to a ground range based on an Earth ellipsoid model. The high-resolution GRD product uses roughly square resolution pixels of 20 mˆ22 m. The Sentinel-1 Toolbox [5] was used to calibrate and geocode images. The calibration aims to convert digital number values of the raw images into backscattering coefficients (σ˝). Our geocoded S-1A images have pixel sizes of 10 mˆ10 m.
Moreover, three SAR images acquired from Radarsat-2 (RS-2) (C-band~5.3 GHz) at the fine quad-polarization mode (HH, HV, VH, VV) and at incidence angles of 38˝(one image) and 43( two images) were used. These images were acquired 12 June 19 and 2014 and on 6 July 2014 at a spatial resolution of 12.5 m. The PolSARPro v4.2.0 software program [6] was used to calibrate RS-2 images. A 7ˆ7 boxcar filter was used to reduce image speckle effects. These images were then geocoded using the MapReady 2.3 software program [7] . Our geocoded RS-2 images include pixels of~8 mˆ8 m.
Three invariant targets were chosen to assess the radiometric stability of returned S-1A signals ( Figure 1 ). The first target is an asphalt racetrack located in southeastern France (43˝34'47"N, 04˝57'53"E) that covers an area of 14.7 ha (1561 and 2406 pixels for S-1A and RS-2, respectively). The second target is a forest situated in Southern France referred to as the "Mende forest". Austrian Pine is the main species found in this forest, which is located at 43˝30'04"N and 03˝30'41"E. The forest covers an area of approximately 8.1 ha (856 pixels in S-1A). Finally, the third target represents a dense evergreen tropical forest located south of Gabon (01˝08'19"N and 11˝50'07"E) that is referred to as the "Gabon forest". Gabon forest covers an area of approximately 635.2 ha (63882 pixels in S-1A images). Both the Mende and Gabon forests have evergreen canopies that retain foliage throughout the year. The S-1A images cover all of the invariant targets, whereas the RS-2 images only cover the racetrack target.
For the racetrack, hourly temperature and precipitation data acquired from a meteorological station located 8 km away from the racetrack were available. For the Mende forest, hourly temperature and precipitation data were also available. Meteorological data for the Gabon forest were not available. Remote Sens. 2016, 8, 406 For the racetrack, hourly temperature and precipitation data acquired from a meteorological station located 8 km away from the racetrack were available. For the Mende forest, hourly temperature and precipitation data were also available. Meteorological data for the Gabon forest were not available.
Data Analysis
For each S-1A image, the values of all pixels within each invariant target were averaged to determine the mean backscattering coefficients (σ°). σ°-values were then converted into dB units.
S-1A Radiometric Stability
To assess the radiometric stability of the S-1A data, σ°-value temporal variations of each invariant target were analyzed in VH and VV polarizations ( Figure 2 ). This analysis was performed separately for radar signals at medium (32°-33°) and high incidence angles (40°-45°) ( Figure 2 ). To explain potential temporal variations in σ°-values, the effects of rainfall were considered.
For the racetrack, temporal variations in σ° for VH polarization (roughly −22 and −24 dB at 33° and 43°, respectively) are not presented in Figure 2 , as they are less than or similar to the Noise Equal Sigma Zero (NESZ) value for S-1A (−22 dB) [8] .
For all of the targets, it is possible to identify three nearly stable sub-time series of σ° ( Figure 2 ). The end of the first sub-time series (the beginning of the second: 19 March 2015) and the end of the second sub-time series (the beginning of the third: 25 November 2015) closely correspond to dates that enhance the calibration of S-1A products [3, 4] . However, for the racetrack and Mende forest, certain σ°-values within a given sub-time series present lower or higher signal levels relative to other σ°-values of the same sub-time series (σ° points circled in Figure 2 ). For the racetrack, a σ° level (in VV at 34° and 42°) that was lower by roughly 3.7 dB was found due to rainfall events occurring at the same time as S-1A acquisitions. The presence of water on the racetrack reduces backscatter phenomena and spurs signal specular reflection, thus generating weaker σ°-values. Moreover, for 
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For each S-1A image, the values of all pixels within each invariant target were averaged to determine the mean backscattering coefficients (σ˝). σ˝-values were then converted into dB units.
S-1A Radiometric Stability
To assess the radiometric stability of the S-1A data, σ˝-value temporal variations of each invariant target were analyzed in VH and VV polarizations ( Figure 2 ). This analysis was performed separately for radar signals at medium (32˝-33˝) and high incidence angles (40˝-45˝) ( Figure 2 ). To explain potential temporal variations in σ˝-values, the effects of rainfall were considered.
For the racetrack, temporal variations in σ˝for VH polarization (roughly´22 and´24 dB at 33a nd 43˝, respectively) are not presented in Figure 2 , as they are less than or similar to the Noise Equal Sigma Zero (NESZ) value for S-1A (´22 dB) [8] .
For all of the targets, it is possible to identify three nearly stable sub-time series of σ˝( Figure 2) . The end of the first sub-time series (the beginning of the second: 19 March 2015) and the end of the second sub-time series (the beginning of the third: 25 November 2015) closely correspond to dates that enhance the calibration of S-1A products [3, 4] . However, for the racetrack and Mende forest, certain σ˝-values within a given sub-time series present lower or higher signal levels relative to other σ˝-values of the same sub-time series (σ˝points circled in Figure 2 ). For the racetrack, a σ˝level (in VV at 34˝and 42˝) that was lower by roughly 3.7 dB was found due to rainfall events occurring at the same time as S-1A acquisitions. The presence of water on the racetrack reduces backscatter phenomena and spurs signal specular reflection, thus generating weaker σ˝-values. Moreover, for the Mende forest, rainfall events occurring during acquisition increase σ˝-values (roughly 1 dB in both VH and VV at 40˝). Rain droplets on leaves also increase σ˝-values.
the Mende forest, rainfall events occurring during acquisition increase σ°-values (roughly 1 dB in both VH and VV at 40°). Rain droplets on leaves also increase σ°-values. To quantify the S-1A signal stability for both VH and VV polarizations, mean (M) and standard deviation (SD) statistical indexes were computed for each stable sub-time series of σ°-values independent of Ascending and Descending mode images and at medium and high incidence angles (Table 1) . σ°-values that were perturbed due to rainfall (circled in Figure 2 ) were eliminated from each sub-time series. For each sub-time series, the results show stability levels better than 0.48 dB (SD ≤ 0.48 dB) for both Ascending and Descending modes regardless of the invariant target used ( Table 1) . As an example, for the Gabon forest, the stability of σ°-values in the second and third sub-time series is better than 0.30 dB ( Table 1) . Miranda et al. [9] assessed the stability of ENVISAT data using transponders instruments and found that the stability of ENVISAT signals is roughly 0.55 dB. Moreover, Hawkins et al. [10] found that the stability of RADARSAT signals returned from rain forests is better than 0.60 dB.
Moreover, the effects of IPF upgrades on σ°-values were assessed by calculating the difference between mean σ°-values of sub-time series for each target (Table 1) . For all invariant targets, correcting the EAP phase increases mean σ°-values of the second sub-series by roughly 1 dB (between 0.8 and 1.1 depending on the target) relative to that of the first sub-time series (Table 1) . Moreover, correcting for gain imbalances decreases mean σ°-values of the third sub-series by roughly 0.9 dB (between 0.8 and 1.1 depending on the target) relative to that of the second sub-time series (Table 1) . Thus, the mean σ°-values of the first and third sub-time series are almost equal (with a difference of less than 0.3 dB) (Table 1) . Moreover, the mean σ°-values of the second sub-time series are higher than those of the first and third by roughly 0.9 dB on average ( Table 1 ). To quantify the S-1A signal stability for both VH and VV polarizations, mean (M) and standard deviation (SD) statistical indexes were computed for each stable sub-time series of σ˝-values independent of Ascending and Descending mode images and at medium and high incidence angles (Table 1) . σ˝-values that were perturbed due to rainfall (circled in Figure 2 ) were eliminated from each sub-time series. For each sub-time series, the results show stability levels better than 0.48 dB (SD ď 0.48 dB) for both Ascending and Descending modes regardless of the invariant target used ( Table 1) . As an example, for the Gabon forest, the stability of σ˝-values in the second and third sub-time series is better than 0.30 dB (Table 1) . Miranda et al. [9] assessed the stability of ENVISAT data using transponders instruments and found that the stability of ENVISAT signals is roughly 0.55 dB. Moreover, Hawkins et al. [10] found that the stability of RADARSAT signals returned from rain forests is better than 0.60 dB.
Moreover, the effects of IPF upgrades on σ˝-values were assessed by calculating the difference between mean σ˝-values of sub-time series for each target (Table 1) . For all invariant targets, correcting the EAP phase increases mean σ˝-values of the second sub-series by roughly 1 dB (between 0.8 and 1.1 depending on the target) relative to that of the first sub-time series (Table 1) . Moreover, correcting for gain imbalances decreases mean σ˝-values of the third sub-series by roughly 0.9 dB (between 0.8 and 1.1 depending on the target) relative to that of the second sub-time series (Table 1) . Thus, the mean σ˝-values of the first and third sub-time series are almost equal (with a difference of less than 0.3 dB) ( Table 1) . Moreover, the mean σ˝-values of the second sub-time series are higher than those of the first and third by roughly 0.9 dB on average (Table 1) . 
S-1A Radiometric Quality
The radiometric qualities of S-1A data were investigated by calculating the difference between S-1A and RS-2 σ˝(in VV at 34˝and 42˝) (∆σ˝= σ˝S -1A´σ˝RS-2 ) returned for the racetrack. The acquisition dates of the three RS-2 images do not fall within the S-1A period of acquisition. However, we assume that S-1A and RS-2 radar signals returned from this target could be comparable. The results show that S-1A σ˝-values in the first and the third sub-time series are closer to RS-2 σ˝than σ˝-values of the second sub-time series. At 33˝, ∆σ˝is equal to 0.3, 1.3, and 0.3 dB for the first, second, and third sub-time series, respectively. At 42˝, this difference is equal to´0.1, 0.8, and´0.2 dB for the first, second, and third sub-time series, respectively. Thus, S-1A images acquired prior to 19 March 2015 (first sub-time series) and after 25 September 2015 (third sub-time series) appear to be well calibrated. However, S-1A data acquired between 19 March 2015 and 25 September 2015 (second sub-time series) present an offset of roughly 1 dB (σ˝S-1A higher than σ˝RS-2).
Conclusions
The purpose of this study was to assess the radiometric stability and quality of the new SAR sentinel-1A "S-1A" sensor. Our results reveal three stable sub-time series with different mean σ˝-values. The mean σ˝-values of the first sub-time (between 1 October 2014 and 19 March 2015) series are approximately equal to those of the third (between 25 November 2015 and 1 February 2016) sub-time series (difference lower than 0.3 dB). The σ˝-values of the second sub-time series (between 19 March 2015 and 25 November 2015) are higher than those of the first and third by roughly 0.9 dB. In addition, our results show that the radiometric stability of the S-1A data of the Ascending and Descending modes is better than 0.48 dB. A comparison with RS-2 data shows that S-1A images acquired prior to 19 March 2015 and after 25 November 2015 appear to be well calibrated with a difference of between S-1A and RS-2 σ˝(in VV polarization at 32˝and 42˝) lower than 0.3 dB. However, σ˝S-1A from images acquired between 19 March 2015 and 25 November 2015 are greater than the σ˝of RS-2 by roughly 1 dB for both 33˝and 43˝. This study presents initial results on the radiometric stability and quality of S-1A images acquired prior to February 2016. The use of a longer time series of S-1A images and more reference data are recommended to fully assess S-1A radiometric stability and quality levels.
